Faster aging is predicted in more active tissues and animals because of greater reactive oxygen species generation. Yet age-related cell loss is greater in less active cell types, such as type II muscle fibers. Mitochondrial uncoupling has been proposed as a mechanism that reduces reactive oxygen species production and could account for this paradox between longevity and activity. We distinguished these hypotheses by using innovative optical and magnetic resonance spectroscopic methods applied to noninvasively measured ATP synthesis and O 2 uptake in vivo in human muscle. Here we show that mitochondrial function is unchanged with age in mildly uncoupled tibialis anterior muscle (75% type I) despite a high respiratory rate in adults. In contrast, substantial uncoupling and loss of cellular [ATP] indicative of mitochondrial dysfunction with age was found in the lower respiring and well coupled first dorsal interosseus (43-50% type II) of the same subjects. These results reject respiration rate as the sole factor impacting the tempo of cellular aging. Instead, they support mild uncoupling as a mechanism protecting mitochondrial function and contributing to the paradoxical longevity of the most active muscle fibers. magnetic resonance spectroscopy ͉ optical spectroscopy ͉ oxidative phosphorylation T he rate-of-living hypothesis proposes that higher rates of oxidative metabolism cause an increased production of reactive oxygen species (ROS) (1), leading to oxidative damage and mitochondrial dysfunction with age. However, mice with the lowest resting respiration rate have been shown to have the shortest longevity (2). Similarly, isolated muscle fibers show greater generation of ROS in type II fibers (3), which have the lowest oxidative capacity and chronic activity levels. This fiber type also has the shortest longevity and is the first to be lost with age (4). Thus, the tempo of aging appears to vary among mice and muscle fiber types but in an opposite manner than predicted by the rate-of-living hypothesis, with the least active having the shortest longevity.
Faster aging is predicted in more active tissues and animals because of greater reactive oxygen species generation. Yet age-related cell loss is greater in less active cell types, such as type II muscle fibers. Mitochondrial uncoupling has been proposed as a mechanism that reduces reactive oxygen species production and could account for this paradox between longevity and activity. We distinguished these hypotheses by using innovative optical and magnetic resonance spectroscopic methods applied to noninvasively measured ATP synthesis and O 2 uptake in vivo in human muscle. Here we show that mitochondrial function is unchanged with age in mildly uncoupled tibialis anterior muscle (75% type I) despite a high respiratory rate in adults. In contrast, substantial uncoupling and loss of cellular [ATP] indicative of mitochondrial dysfunction with age was found in the lower respiring and well coupled first dorsal interosseus (43-50% type II) of the same subjects. These results reject respiration rate as the sole factor impacting the tempo of cellular aging. Instead, they support mild uncoupling as a mechanism protecting mitochondrial function and contributing to the paradoxical longevity of the most active muscle fibers. magnetic resonance spectroscopy ͉ optical spectroscopy ͉ oxidative phosphorylation T he rate-of-living hypothesis proposes that higher rates of oxidative metabolism cause an increased production of reactive oxygen species (ROS) (1), leading to oxidative damage and mitochondrial dysfunction with age. However, mice with the lowest resting respiration rate have been shown to have the shortest longevity (2) . Similarly, isolated muscle fibers show greater generation of ROS in type II fibers (3) , which have the lowest oxidative capacity and chronic activity levels. This fiber type also has the shortest longevity and is the first to be lost with age (4) . Thus, the tempo of aging appears to vary among mice and muscle fiber types but in an opposite manner than predicted by the rate-of-living hypothesis, with the least active having the shortest longevity.
A physiological mechanism that could account for this paradox is mild mitochondrial uncoupling, which has been proposed to ameliorate ROS production by reducing reverse electron flow and superoxide generation (5) . Consistent with this prediction are findings in mice with high respiration rates that showed elevated proton leak in isolated muscle mitochondria as a result of activation of the adenine nucleotide translocator and uncoupling protein 3. Mild uncoupling resulting from activation of these mitochondrial factors in type I muscle fibers could reduce ROS production, protect mitochondria from damage, and account for the longevity of this fiber type with age. A number of studies have provided evidence of mild uncoupling in human muscles (6, 7) but have not tested whether this uncoupling protects against mitochondrial dysfunction and cellular aging.
New methods permit measurement of mitochondrial coupling in vivo by using a combination of noninvasive spectroscopic techniques (8, 9) . Recently developed magnetic resonance spectroscopy (MRS) tools have demonstrated mitochondrial uncoupling in vivo in human muscle with thyroid hormone treatment (10) and in mouse muscle containing uncoupling protein 3 (11) .
A pairing of optical spectroscopy and MRS permits a quantitative measure of coupling (P/O, which is half the ratio of ATP flux to O 2 uptake) and has revealed substantial uncoupling in mouse hindlimb muscles in vivo when treated with a chemical uncoupler (8) and with age (12) . These noninvasive methods allow us to quantitatively evaluate the presence and extent of uncoupling in vivo as a function of age in human muscles not typically studied by invasive methods. These methods also make possible a test for cellular aging by using a drop in muscle [ATP] or energy charge ([ATP]/[ADP]) as a measure of the first step in the cell death cascade (13) .
[ATP] depletion is associated with impairment of ion pumps that leads to membrane rupture and cell death, which is an important contributor to sarcopenia (14) .
Here, we apply these tools to test (i) whether mild uncoupling is found in human muscle comprised of predominantly type I vs. type II fibers and (ii) the impact of uncoupling on cellular aging as measured by muscle [ATP] depletion. Resting muscle metabolism is measured to avoid the confounding effects of energetic differences between fiber types during exercise to permit focusing on mitochondrial energetics and the impact of uncoupling on cellular aging.
Results
Absolute Quantification. Table 1 (15) . Similarly, the values for myoglobin (Mb) intermuscular concentration, [Mb] , fell within a range of concentrations (0.26-0.52 mM) in tissue biopsies taken from adult quadriceps muscles (16) (17) (18) . Most of the age-related differences were either not significant or small (Ͻ15%). The small agerelated changes, due to the increased muscle cell water that occurs with age (19) (20, 21) . Fig. 2a shows that the O 2 uptake of the TA was significantly higher than that of the FDI in the adults.
Net ATP Turnover and Mitochondrial ATP Supply. The ATP flux was determined by MRS with the dynamics and concentration of the high-energy phosphate carrier PCr during anoxia in the muscle (Fig. 1 ). Because glycolytic ATP synthesis generates PCr (via the creatine kinase reaction), the measured PCr breakdown (⌬PCr) reflects the difference between glycolytic synthesis and the ATP turnover by the cell. Thus, the net ATP turnover that must be met by the mitochondria under aerobic conditions is measured by ⌬PCr during ischemia. Fig. 2b shows that the average net ATP turnover met by mitochondrial ATP synthesis in the adults did not differ between the FDI and TA. Our independent measurement of glycolysis (FDI: H ϩ flux at 0.30 Ϯ 0.08 M⅐sec Ϫ1 , TA: H ϩ flux at 0.60 Ϯ 0.36 M⅐sec Ϫ1 ) indicates that Ͻ8% of total ATP turnover in the cell is met by this ATP supply pathway in the adults (assuming PCr/H ϩ ϭ 1 for glucose uptake as the source of substrate level phosphorylation).
A significantly reduced net ATP turnover is evident in the elderly group relative to adults in each muscle. A similar drop in oxidative ATP flux with age was reported in human soleus muscle by an independent MRS method in vivo (22) . However, there was no significant change in the glycolytic ATP synthesis with age in either muscle or in the contribution of this pathway to the total ATP turnover in the elderly muscles (FDI: H ϩ flux at 0.22 Ϯ 0.10 M⅐sec Ϫ1 , TA: H ϩ flux at 0.32 Ϯ 0.20 M⅐sec Ϫ1 ). Thus Ͼ92% of the ATP supply in the resting muscle cell in adult or elderly humans is provided by mitochondrial respiration as measured by net ATP turnover.
Energy Coupling. Combining measurements of O 2 flux with ATP flux yielded a direct measurement of energy coupling or P/O in adult human FDI in vivo (mean: 2.68 Ϯ 0.05), as shown in Fig.  2c for the adult and elderly subjects. The P/O in the muscles of the adult group is close to the value for oxidative phosphorylation coupling reported for intact cells and isolated human mitochondria (P/O Ϸ 2.3-2.5) (23, 24) . This correspondence with the values in the literature as well as the small variance among adult subjects indicates that mitochondria in the FDI are well coupled in the adults. In contrast, reduced coupling was apparent in the TA (P/O ϭ 2.0 Ϯ 0.2) in this study and significantly differed from that in the FDI by ⌬P/O ϭ 0.7. Thus, the lower P/O in the TA suggests mild uncoupling of oxidative phosphorylation as compared with the well coupled FDI.
A decline in coupling was apparent in the FDI muscles of the elderly group. The average P/O for this group (P/O ϭ 1.6 Ϯ 0.2) was 40% less than the adult value. In contrast, there was no difference in the mild uncoupling state in the TA between the adult and elderly subjects (⌬P/O ϭ 0.5). Thus, the TA had higher resting O 2 uptake in the adults but little change in coupling with age. In contrast, the FDI had lower O 2 uptake in the adults but showed significant reduction in coupling and depletion of cellular [ATP] with age.
[ATP] vs. P/O. A significantly lower [ATP] was found in the FDI vs. TA of the elderly (P Ͻ 0.011, paired t test), despite similar levels in the adult muscles (P Ͼ 0.14, paired t test).
[ATP] was proportional to mitochondrial coupling in the FDI (r 2 ϭ 0.42, P Ͻ 0.004). However, there was no correlation between [ATP] and P/O for the TA (r 2 ϭ 0.04) and mild uncoupling was not accompanied by reduced [ATP] in the adult TA muscle (Table 1) .
Discussion
Mitochondria are a key source of the ROS causing age-related damage. The rate-of-living hypothesis states that respiration rate sets the pace of ROS production (1), whereas recent results find that the highest rates of ROS generation occur in well coupled mitochondria at low levels of respiration (14) . Here we show that mitochondrial coupling level rather than respiration rate has the greatest impact on cellular aging. The FDI muscle with the lower rate of respiration but highest coupling level showed significant mitochondrial dysfunction with age. In contrast, little agerelated mitochondrial dysfunction or [ATP] depletion was found with mild uncoupling in the TA despite its higher respiration rate. These results support mild uncoupling as a protective mechanism that minimizes ROS production in adult tissue and preserves mitochondrial function with age.
Comparing the rate of respiration and coupling level between muscles was possible by the combined measurement of O 2 flux and ATP flux, as shown in Fig. 1 . The O 2 uptake was determined during the first minute of ischemia over a PO 2 range that we have shown in mice in vivo (41) and others have shown in human muscle in vivo (25) to not impair mitochondrial respiration (i.e., Mb-O 2 Ͼ 50% saturated and PO 2 Ͼ 3 torr). The desaturation kinetics ( Fig. 1 ) and chromophore levels ( Table 1) yielded rates of O 2 uptake that were significantly higher in the TA than in the FDI in the adults (Fig. 2A) . However, no difference was found in the ATP flux (Fig. 2B) determined by MRS based on the dynamics and concentration of PCr during anoxia in the muscle (Fig. 1 ). This similarity in muscle ATP turnover at rest reflects the fact that cell ATP turnover at rest is governed by the Na-K-ATPase and protein synthesis, which are not expected to vary greatly among muscle fibers (26) . In contrast, activation of the myosin ATPases results in large differences in ATP turnover between muscle fiber types during exercise. Mouse muscles representing the extremes of fiber type composition, showed the same energetic fluxes at rest but greater than the 2-fold differences in flux during exercise at the same stimulation rate (27) . Thus, eliminating contractile energetic differences by studying resting muscle reveals little difference in ATP turnover but does reveal a significant difference in mitochondrial O 2 uptake between muscles of the same subject.
A simple ATP balance approach provided the measure of mitochondrial ATP synthesis in vivo. Eliminating oxidative phosphorylation by anoxia permitted the use of PCr breakdown to measure the net cell ATP turnover that the mitochondria meets under resting, oxygenated conditions. Validation of this approach comes from a direct comparison of mitochondrial respiration under aerobic conditions vs. net ATP turnover during anoxia in isolated mouse muscles (27) and in vivo in rattlesnake tailshaker muscle (28) . Anoxia of up to 30 min in intact muscle does not impact the activity of a key ATPase in resting muscle, Na-K-ATPase (29) , and our measurements of glycolysis indicate a negligible contribution to ATP supply during the anoxic period (Ͻ8%). Thus, brief anoxia appears to not affect cell ATP use nor raise glycolysis, which allows us to use the ATP turnover as a measure of the mitochondrial ATP generation under aerobic conditions.
The difference in O 2 uptake but similar ATP flux in the two muscles yielded a higher P/O in the FDI as compared with the TA of the adult group (Fig. 2c) . The P/O of the FDI is close to independent measurements (P/O ϭ 2.5) in intact cells in vastus lateralis muscle (30) and skin fibroblasts (31) from humans. In contrast, reduced coupling was apparent in the TA (P/O ϭ 2.0) in this study and differed from that in the FDI by ⌬P/O ϭ 0.7. A difference in substrate oxidation could account for part of this P/O difference: Oxidizing palmitate vs. pyruvate would reduce coupling by 0.2-0.3 (23) . The large disparity in coupling that remains between muscles reflects a greater O 2 uptake at similar ATP flux in the TA vs. FDI and is consistent with the physiological adjustment that occurs with chemical uncoupling, as shown by the mouse hindlimb in vivo after administration of dinitrophenol (8) . Thus the lower P/O in the TA appears to be largely due to mild uncoupling of oxidative phosphorylation as compared with the well coupled FDI.
Evidence that regulation of H ϩ transport is responsible for mild mitochondrial uncoupling and the disparity in resting respiration between muscles comes from a comparison of mitochondrial function in two groups of mice differing in respiration rate (2) . Mitochondria isolated from the high resting respiration group had increased proton leak due to fatty acid activation of the adenine nucleotide transporter and uncoupling protein 3, two key sources of H ϩ transport across the inner mitochondrial membrane (23) . In contrast, significantly less H ϩ transporter activation was found in mitochondria from the low respiration group. Fatty acid activation of the uncoupling protein 3 and adenine nucleotide translocator could also underlie the increased respiration and uncoupling in TA vs. FDI found in this study because higher intracellular lipid levels are reported in type I fibers of human muscle (32) .
We tested for the impact of mild uncoupling in adults on mitochondrial function with age by using [ATP] as a measure of cellular aging. A significantly lower cellular [ATP] was found in the FDI vs. TA of the elderly, despite similar levels in the adult muscles. A substantial reduction in P/O of the FDI of the elderly subjects (⌬P/O ϭ 1.2) from the well coupled level in the adults accompanied this loss of cellular [ATP] . A disparity in energetic changes between muscles also is reported in aged rats with ATP depletion and reduced ATP synthesis occurring in the gastrocnemius (high percentage of type II fibers) but not in the heart (33). The chronic activity decline typical with age would be expected to affect the leg muscle (TA) and not the hand muscle (FDI) and therefore does not account for the aging effects seen in this study.
A
pairing of the depletion of the cellular energy state (reduced [ATP] or [ATP]/[ADP]
) and mitochondrial dysfunction with age as seen in the FDI has been reported in human vastus lateralis (15) and mouse hindlimb muscles (12) . Fig. 3 shows that [ATP] normalized to [PCr] was depleted in proportion to the drop in mitochondrial coupling with age in these muscles. This pairing of reduced cellular [ATP] with uncoupling is consistent with a shift in the equilibrium relationship among energy coupling, mitochondrial membrane potential (⌬p), and the cellular phosphorylation state (34) . With chemical uncoupling or mild uncoupling in the adult TA, cellular phosphorylation state is maintained by an elevation of O 2 uptake (and electron transport chain flux) in response to increased H ϩ leak and decreased ⌬p. In contrast, uncoupling with age is not compensated by increased O 2 uptake in the FDI (Fig. 2A) Uncoupling with age is thought to result from accumulation of ROS damage to the inner mitochondrial membrane, causing increased H ϩ leak (35) in contrast to the transporter-mediated (adenine nucleotide translocator or uncoupling protein 3) H ϩ leak in adult mitochondria (23) . Thus, the cause of uncoupling likely also differs between adult and elderly muscle. The cellular [ATP] depletion accompanying age-related uncoupling in aged FDI muscle is consistent with a shift in the energetic equilibrium between the mitochondria and cell, but it is also possible that [ATP] depletion reflects an independent site of mitochondrial damage with age. Two recent reports identify oxidative damage at the site of phosphorylation, the ATP synthase (36, 37) . In either case, an energetic shift or oxidative damage to the ATP synthase, the resulting loss of cellular [ATP] is critical to the fate of the cell by initiating the cell death cascade (14) . Thus, the age-related [ATP] depletion in the FDI may represent a first step in the processes that trigger apoptotic and necrotic pathways and therefore may be responsible for the preferential fiber loss in type II fibers with age.
This stability of mitochondrial coupling and [ATP] relative to other metabolites (Table 1) in the TA with age suggests that mild uncoupling in the adult is protective against mitochondrial dysfunction into old age (38) . The mechanism of this protection is a reduction in reverse electron flux with mild uncoupling that results in lower ROS generation, as found in isolated mitochondria (5, 39) . One site of oxidative damage by ROS is the inner mitochondrial membrane, which is thought to underlie the increased H ϩ leak and uncoupling found with age. Reduction in ROS by mild uncoupling in adult muscle is a mechanism that would minimize membrane damage and further uncoupling in old age. In support of this model is the greater longevity of mice with higher resting O 2 uptake and mitochondrial H ϩ leak. The stable mitochondrial and cell energy state evident in the TA with age may well reflect the impact of lower ROS generation reported in type I muscle fibers of adult rat muscle (3) and may be responsible for the greater longevity characteristic of this fiber type in elderly human muscle (4) .
A role for muscle fiber type as a factor in mitochondrial uncoupling with age is evident in Fig. 4 . This plot shows the degree of uncoupling expressed as the elderly human P/O value normalized to the adult human value to permit comparing studies using different methodologies. The decline in age-related function is smallest in the soleus muscle (22) , which contains predominantly type I fibers, and increases with the percentage of type II fiber content in the muscle. This variation in the mitochondrial function with the fiber type composition of muscle likely reflects the metabolic properties associated with muscle fiber types (e.g., type I is slow-twitch and oxidative). Higher intracellular lipid in type I fibers (32) is an example of a factor that could be responsible for the mild uncoupling in adults that in turn leads to preservation of mitochondrial function with age in type I fibers. Thus, mitochondrial dysfunction in elderly human muscle varies with fiber type content just as has been found for ROS generation and the longevity of muscle fibers (3). Mild uncoupling that reduces mitochondrial and cellular energetic changes with age, as found in this study in the predominantly type I TA, provides a mechanism for the fiber type dependence of these age-related dysfunctions. Relative uncoupling with age is determined by normalizing the elderly coupling value to the adult value to permit the comparison studies using different methodologies.
This study found the least mitochondrial dysfunction in muscles expected to show the greatest age-related damage according to the rate of living hypothesis (1) . Muscle with the most active fiber type and higher resting O 2 uptake had mild uncoupling in adults but stable mitochondrial function into old age. This protection of mitochondrial function suggests that mild uncoupling is a mechanism that reduces the ROS production, ameliorates mitochondrial damage, and assists fiber survival with age. In contrast, muscle with greater content of the least active fiber type (type II) and lower resting O 2 uptake was well coupled in adults yet showed changes in mitochondrial coupling and depletion of [ATP] with age consistent with ROS damage. Thus, mild uncoupling may explain the paradox of greater longevity in the most active fibers by providing a protective mechanism that impacts the pace of cellular aging.
Materials and Methods
Subjects. Eleven adult subjects Յ50 yr old (19-50 yr) constituted the adult group (four female and seven male). This age range was selected to exclude subjects likely to have significant functional changes as found in hand muscles of subjects older than 60 yr (40) . Eight elderly subjects from 67 to 85 yr old were studied (three female and five male). All subjects were recreationally active, with the exception an adult amateur athlete and one sedentary elderly individual. The two groups were of similar height (177 Ϯ 7 vs. 174 Ϯ 9 cm; adult vs. elderly) and had similar weight (76 Ϯ 8 vs. 78 Ϯ 15 kg). All subjects voluntarily gave informed, written consent, and the study was approved by the University of Washington Human Subjects Review Committee. This study was undertaken in accordance with the Declaration of Helsinki.
Experimental Design. Three design features underlie the measurement of mitochondrial function in vivo [see the supporting information (SI)]. First, our measurements focus on mitochondrial energetics under resting conditions to avoid contractile energetic differences between muscles. Second, reversible ischemia is used to block blood flow and permit separating O 2 uptake from ATP flux, as we have described (8) . We use the deoxygenation of Mb and Hb determined by optical spectroscopy to measure O 2 uptake in muscle (41) , as shown in Fig. 1 Upper. In this experiment, O 2 uptake is determined from the drop in O 2 content of each carrier (⌬% saturation ϫ concentration) during ischemia. The desaturation rate is determined during the first minute of ischemia, when Mb-O 2 is Ͼ50% saturated (PO 2 Ͼ 3 torr) and mitochondrial respiration is independent of cellular PO 2 (8) . Third, the rate of mitochondrial ATP supply is determined by using an ATP balance approach. Once oxidative ATP supply ceases due to lack of oxygen (time ϭ 600 s in Fig. 1 ), the breakdown of PCr (⌬PCr) provides the ATP supply for the needs of the cell via the creatine kinase reaction (see the SI) as shown in Fig. 1 Lower. This ⌬PCr represents the net ATP turnover of the resting cell (total ATP use minus glycolytic ATP supply), which the mitochondria must synthesize under aerobic conditions (net ATP turnover equals oxidative ATP supply) (see the SI; see also ref. 28 ). Thus, a simple ischemic protocol paired with noninvasive spectroscopic tools measures O 2 uptake as well as the ATP flux that must be synthesized by the mitochondria in vivo.
Protocols. The basic protocol and measurements have been described for mouse hindlimb muscle (8, 12) . The first step was to determine absolute concentrations of PCr and ATP in resting muscle by 31 P MRS. The second step was an ischemia protocol that consisted of an aerobic rest period followed by rapid inflation of a cuff to 55 mmHg (1 mmHg ϭ 133 Pa) above systolic blood pressure that was maintained for 15 min. During the first minute, the dynamics of Mb-O 2 and Hb-O 2 saturation were measured. The cell was anoxic by 10 min of ischemia. The PCr and pH dynamics were determined for the last 3 min of the protocol. The individual spectra that were fully desaturated were summed to maximize the signal-to-noise ratio of the final peak for analysis.
MRS.
All MRS experiments were performed in a Bruker (Billerica, MA) 4.7-T short bore magnet with a Varian (Palo Alto, CA) Inova (imaging/spectroscopy) console. Details of our methods are published (42) , and the specific procedures for the FDI and TA appear in ref. 43 (see also the SI). The concentrations of PCr, ATP, and Mb in muscle were determined by comparison against external standards (44) . Free [ADP] was calculated from the creatine kinase equilibrium with correction of the equilibrium constant for pH (45) .
Measurement of Net ATP Turnover. A detailed description of the procedure for measuring resting ATP flux was given in our original papers on this method in human muscle (42) . Briefly, the rate of PCr breakdown (⌬PCr) in anoxic muscle was used to measure the net ATP turnover, which represents the basal ATP use of the cell minus the glycolytic ATP supply. This ⌬PCr is the flux that must be met by mitochondrial oxidative phosphorylation under aerobic condition to achieve an ATP balance. To independently access the contribution of glycolysis to cellular ATP supply, the rate of glycolytic ATP production was determined by using the change in pH and PCr during ischemia, as previously described (46) . Validation of this approach in vivo is given in ref. 28 . Repeated measures of muscle ATP flux on the same subject agreed to within Ϯ11% (47).
Optical Spectroscopy. Two 6.4-mm fiberoptic bundles (model no. G39-368; Edmund Optics, Barrington, NJ) with a fixed separation distance (1.9 cm, FDI; 2.2 cm, TA) were positioned adjacent to one another over the muscle. Care was taken to ensure full contact between the probes and the skin throughout the experiment. One fiber carrying white light from a quartz-tungsten halogen source (model no. TS-428; Acton Research/Roper Scientific, Trenton, NJ) illuminated the tissue. The remaining fiber carried reflected light to a spectrograph (CP200 part no. 31 027 668; ISA Division, Jobin-Yvon Longjumeau, France) mounted to a 512-ϫ 512-pixel, front-illuminated CCD detector (512 TEK/1UV; Princeton Instruments, Trenton, NJ) and connected to a controller (ST-135; Princeton Instruments). A 133 g/mm grating coupled to a 190-cm focal length spectrograph was used to obtain spectra over the range of wavelengths from 488 to 953 nm. We used a 200-ms exposure time and a 9-s delay between scans, resulting in a data acquisition rate of Ϸ1 spectra per 10.1 s. Our approach for developing calibration sets and for the PLS analysis of the spectra has been described in detail for mouse hindlimb muscle in vivo (41) . Normalizing saturation. The two-point calibration for O 2 saturation has been described for mouse muscle in vivo (41) . The peak Hb-O 2 saturation level was established by breathing 100% O 2 . Mb and Hb saturation curves were normalized so that the last 2 min of ischemia represented 0% saturation (Fig. 1) . Release of the cuff caused a rapid reoxygenation and the peak (Ϸ30 s) of the hyperemic response was used to calculate 100% saturation. The Hb]/[Mb] in muscle was determined by using the spectral position of the combined Mb and Hb deoxy peak in the in vivo spectrum, as described for heart tissue (48 (Fig. 1) , as previously described (8, 41) . A linear regression of the depletion of these O 2 stores vs. time was used to measure the rate of O 2 uptake by the mitochondria (8).
Mitochondrial Energy Coupling (P/O).
The ratio of net ATP turnover to O 2 uptake was divided by 2 to yield P/O to conform with biochemical convention. Coupling was calculated for the vastus lateralis from the phosphorylation capacity per mitochondrial volume reported in the vastus lateralis muscle (15) . Oxygen uptake was calculated by using the maximum O 2 uptake rate per mitochondrial volume (5 ml of O 2 per milliliter of mitochondria per minute (49) , which was converted to concentration units by using 0.05 M O 2 per percentage of mitochondria in muscle.
Statistics. Means were compared by using a Newman-Kuels test. Paired, two-tailed t tests were used to compare the muscle and age-effect on [ATP] with significance assigned at the 0.025 level with a Bonferroni correction. Linear regressions were performed to determine the rate of change of Mb-O 2 and Hb-O 2 (O 2 uptake) and PCr content (net ATP turnover). Pearson correlations were performed to test the relationship between independent variables. Significance was assigned at the 0.05 level unless noted otherwise.
